Archaerhodopsin 4 Light-driven proton pump Expression Bacterioruberin and trimeric packing Solid-state NMR Archaerhodopsin 4 (AR4), a new member of the microbial rhodopsin family, is isolated from Halobacterium species xz515 in a Tibetan salt lake. AR4 functions as a proton pump similar to bacteriorhodopsin (BR) but with an opposite temporal order of proton uptake and release at neutral pH. However, further studies to elucidate the mechanism of the proton pump and photocycle of AR4 have been inhibited due to the difficulty of establishing a suitable system in which to express recombinant AR4 mutants. In this paper, we report a reliable method for expressing recombinant AR4 in Halobacterium salinarum L33 with a high yield of up to 20 mg/l. Experimental results show that the recombinant AR4 retains the light-driven proton pump characteristics and photo-cycling kinetics, similar to that in the native membrane. The functional role of bacterioruberin in AR4 and the trimeric packing of AR4 in its native and recombinant forms are investigated through light-induced kinetic measurements, two-dimensional solid-state NMR experiments, dynamic light scattering (DLS) and Fourier transform infrared spectroscopy (FTIR). Such approaches provide new insights into structure-function relationships of AR4, and form a basis for other archaeal rhodopsins.
Introduction
Microbial rhodopsins are a large family of photoactive seventransmembrane retinylidene proteins that include bacteriorhodopsin (BR) [1] , archaerhodopsin (AR) [2] , halorhodospin (HR) [3] , proteorhodopsin (PR) [4] , sensory rhodopsin (SR) [5] and xanthorhodopsin (XR) [6] . Comparisons of these retinylidene proteins are critical for deep understanding of the relationship between structure and function, and provide insights into the individual light-driven photocycle. BR was the first discovered microbial rhodopsin in haloarchaea and identified as a light-driven proton pump [7] . It serves as a model for investigating the vectorial ion translocation across membranes [8] [9] [10] [11] and a template for G protein-coupled receptors [12] , as it is a highly stable protein under experimental conditions [13, 14] . Archaerhodopsins (ARs) are also light-driven proton pumps with a high degree of amino acid sequence homology to BR, and exhibit similar photochemical properties [15] [16] [17] [18] .
Archaerhodopsin 4 (AR4), the only protein found in the claret membrane of Halobacterium species (H. sp.) xz515, was collected from a salt lake in Tibet [18] [19] [20] [21] [22] . It was named as the fourth archaerhodopsin, as it exhibits 87% sequence similarity to AR1, 97% to AR2 and 84% to AR3. AR4 also shares 59% sequence identity with bacteriorhodopsin [23] , but shows a different proton pumping behavior with an opposite temporal order of the light-driven proton release and uptake under physiological conditions [24] [25] [26] . The color difference between the claret membrane and purple membrane may be mainly due to the presence of carotenoid bacterioruberin (5,32-bis(2-hydroxypropan-2-yl) -2,8,12,16,21,25,29,35-octamethylhexatriaconta-6,8,10,12,14,16,18,20, 22,24,26,28,30-tridecaene-2,35-diol) , and it has been suggested that it plays a role in trimerization of the protein [27] . Since a pK a value change from 10.4 to 8.4 was reported for the proton release complex (PRC) in AR4, and a pK a value change from 9.7 to 5.7 for the proton release complex in BR [23] , the "weak-coupling model" was proposed to explain the proton transport mechanism of AR4, i.e. the higher pK a of PRC leads to a temporal alteration in proton release order [22] . Alternation of time sequence of proton pumping by the presence of Triton X-100 or crown ethers at neutral pH has also been reported [24, 28] . However, little is known about details of the proton pumping mechanism of AR4 and the other three archaerhodopsins.
Choosing an appropriate host is very important for expressing retinylidene proteins from Archaea (Halobacterium salinarum and H. sp. xz515) [29] , and although many kinds of microbial rhodopsins have been successfully expressed in the plasma membrane of Escherichia coli [30] [31] [32] [33] , there are still some drawbacks for E. coli as the host. Firstly, exogenous retinal has to be added during the expression of retinal-binding proteins in E. coli [33] . Secondly, the membrane of Archaea is known to contain many unique polar lipids, based on 2,3-dialkyl-sn-glycerol backbones, which is entirely different from that of bacteria (E. coli) [34] . So H. salinarum L33 (bop − ) might be the most appropriate host for expressing functional recombinant AR4, since both L33 and H. sp. xz515 are halophilic Archaea.
Here, a new approach has been established to express the functional recombinant AR4 in H. salinarum L33 by some novel modifications of the gene at the 5′ end to increase the translational efficiency, so a high expression yield of 20 mg/l has been achieved by the method. Functional assays have shown that the recombinant AR4 retains similar lightdriven proton pump characteristics and photo-cycling kinetics of the native protein in the claret membrane. Trimeric packing and dynamic conformation of AR4 in its native and the recombinant forms have been investigated through light-induced kinetic measurements, twodimensional (2D) solid-state NMR (SSNMR) experiments, dynamic light scattering (DLS), and Fourier transform infrared (FTIR) spectroscopy, respectively. Approaches used here provide new insights into structure-function relationships of AR4, and form a basis for other proteins of the archaeal rhodopsin family.
Materials and methods

Gene cloning and transformation
Expression vectors were constructed using the shuttle plasmid pXLNovR with Hind III and BamH I restriction sites [35] . The opsin gene of AR4, termed as ar4, was amplified from the genome of H. sp. xz515 [36] and was modified as follows: (i) the entire propeptide nucleotide sequence of ar4 was replaced by the same part of the bop gene, termed as btar gene, and (ii) 27 base pairs from the start codon of the ar4 gene were replaced by the same part of the bop gene to construct a chimeric propeptide sequence, termed as the bar gene (Fig. 1A) . The ar4 gene together with btar and bar genes was combined with the promoter of bop and subcloned into expression vector to yield pXLNovR-ar4, pXLNovR-bar and pXLNovR-btar. The construction details are provided in the supplementary material ( Fig. S1 and Table S1 ). All the expression vectors were transformed into H. salinarum L33 (bop − ) separately according to the method described by Needleman et al. [35] . The transformants grew on the plates which contained 0.5 μg/ml novobiocin for two weeks under illumination to isolate correct colonies by screening color change. The recombinant colonies were also verified by sequencing. Plasmids were first isolated from a bacterial culture of each group. Then, the insert DNA was identified by sequencing using appropriate primers for the target gene (Primer 1: 5′-CGGGATCCGACGTG AAGA TGGGG-3′; Primer 2: 5′-GCCAAGCTTCTAGATCAGTCGCTG-3′). Finally, a single colony was selected for large-scale culture with the addition of 1 μg/ml novobiocin.
Culturing and isolation
Culture and isolation of native AR4 in the claret membrane of H. sp. xz515 have been reported by Ming et al. [23] . Briefly, a starting culture of 25 ml from a single colony was incubated for every 500 ml culture. A sucrose gradient with concentrations of 30%, 35%, 40% and 45% (w/w) was used for purification of the claret membrane by centrifugation. After 12 h of centrifugation at 35,000 rpm and 15°C (rotor SW41, Beckman, USA), the portion was collected from the 40% sucrose layer and washed with deionized water for three times and then kept for later use. The recombinant AR4 was prepared by growing the screened L33, a standard procedure for culture and isolation of purple membrane was used [37] with a slight modification. Briefly, a 25 ml starting culture incubated with a single colony was prepared for every 500 ml culture. The cell culture was performed either in complete or synthetic medium [38] .
[U-13 C 9 , 15 N]-Leu labeled native AR4 and recombinant AR4 were prepared by growing xz515 and L33 in synthetic medium separately, in which the unlabeled Leu was replaced by isotope-labeled Leu. The sucrose density gradient for the purification of recombinant AR4 was, from the bottom, 60%, 43% and 35% (w/w). After centrifugation (25,000 rpm, 15°C, 15 h, rotor JA-30.50 Ti, Beckman, USA), the sample was removed from the 43% sucrose layer and washed in deionized water.
Light-induced kinetic measurements
The proton pumping activities of the native and recombinant AR4 proteins were monitored through a light-induced absorption change by a pH-sensitive dye, pyranine (8-hydroxy-1,3,6-pyrenetrisulfonic acid, trisodium salt) on a homemade apparatus as described previously [18, 23, 39] . The net proton pumping activity was determined by taking the absorbance difference at 456 nm before and after adding the dye. The kinetics of M-state, O-state and recovery trajectory to the ground state were monitored at 410 nm, 660 nm and 570 nm, respectively. All the experiments were carried out by using a camera photoflash with the half-bandwidth less than 1 ms for excitation. All the samples were in light adapted conformation and suspended in a buffer with 100 mM NaCl and 20 mM KCl at pH 7.0. All the measurements were performed at room temperature.
Solid-state NMR experiments
Solid-state NMR measurements were carried out on a Bruker Avance III 600 MHz wide bore spectrometer using either a 4 mm HXY MAS probe or a 3.2 mm HCN Efree MAS probe. All the experiments were performed at a MAS speed of 8000 ± 5 Hz regulated by a Bruker MAS controller, and the temperature was controlled at − 20 ± 1°C under dark condition. In all experiments, a ramped cross-polarization (CP) [40, 41] was used with a radio frequency (rf) field of 50 kHz on the proton channel. Typical 90°rf pulse lengths of 4 μs for 13 C and 3.5 μs for 1 H channels, and the two-pulse phase modulation (TPPM) [42] with a pulse width of 6.5-7 μs for proton decoupling were used throughout the experiments. The 13 C chemical shifts were referred to the methylene peak of adamantine [43] .
Two-dimensional (2D) 13 C-13 C correlation spectra of AR4-xz515
and bAR were recorded with a 100 ms mixing time by using protondriven spin-diffusion (PDSD) or dipolar-assisted rotational resonance (DARR) schemes [44, 45] . Acquisition times of 20 ms and 5 ms were used in the direct and indirect dimensions, respectively. In the 2D 13 C-
13
C double-quantum single-quantum (DQ/SQ) correlation experiments, the Post-C7 sequence was used at a rf field of 56 kHz for double quantum excitation and reconversion [46, 47] . A continuous wave decoupling at the Lee-Goldburg condition (CWLG) [48] of 85 kHz was applied during the Post-C7 sequence. 2D 13 C-15 N correlation experiments was also performed by double-cp (DCP) sequence [49] with a 5 ms mixing time for N-C polarization transfer and a rf power of 46 kHz on the carbon channel. A recycle delay of 3 s was set for all the experiments.
FTIR experiments
FTIR measurements were carried out by using a Nicolet 8700 USB IR spectrometer equipped with a DTGS detector from 4000 to 1000 cm
wavenumbers. Approximately 50 μg of each protein sample, suspended in 2 mM PBS buffer at pH 7.0, was deposited on CaF 2 windows and incubated in a vacuum desiccator for 1 h. Samples were then sealed and mounted on a variable temperature cell. 128 scans with a 4 cm −1 resolution were taken for each measurement. Data was processed by the OMNIC 8.1 soft package (Thermo Fisher Scientific Inc.). All experiments were performed at room temperature.
Dynamic light scattering measurements
Average particle sizes and polydispersity indices of the proteins were determined by a dynamic light scattering spectrometer (Malvern Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK) at 20°C. Samples were diluted with deionized water at pH 7.0 and adjusted to a concentration of 5 μM.
Results
Expression of recombinant AR4
Three recombinant plasmids, pXLNovR-ar4, pXLNovR-btar and pXLNovR-bar, were transformed into H. salinarum L33. As a control, the blank plasmid, pXLNovR, was also transformed into L33. Since the host L33 is colorless, recovery of color was used to screen the correct colonies. Only the colonies which contained the pXLNovR-bar plasmid displayed a faint red color, as shown in Fig. S2 . Transformations of pXLNovR-ar4 and pXLNovR-btar in L33 still were colorless, as was the control group of pXLNovR. For a further assay, a single colony was picked up from each plate and cultured in 20 ml complete medium under illumination for plasmid extraction. 10 ml of each culture was then centrifuged and only the pellet from the pXLNovR-bar group was red (Fig. S3) . Sequence of the inserted DNA in each extracted plasmid was also verified, and the results indicated that each recombinant colony contained the correct target gene (Figs. S5-S7 ), so the single colonies from the pXLNovR-bar plate were picked up for further expression and purification, and the purplish-red product was termed as bAR ( Fig. 2A) . Stimulation of L33 cell growth by glucose (Glc) was studied through parallel tests in three 500 ml of synthetic media of 0%, 1% and 2% glucose (w/v), respectively. As a result, the culture which contained 2% glucose gave the highest optical density (OD 660 nm ) (Fig. 3) , consistent with previous work [50] . The final yields for each culture were 18 mg/l (0% Glc), 32.9 mg/l (1% Glc) and 35.5 mg/l (2% Glc). The protein concentration was determined using the Bradford method [51, 52] .
Assessments of recombinant AR4
The molecular weight of bAR, the recombinant AR4, was determined by SDS-PAGE, indicating a similar weight as AR4-xz515, the native protein in the claret membrane of H. sp. xz515, as shown in Fig. 2B . The retinal binding in bAR was examined through UV-VIS absorption spectroscopy, showing a single absorption peak pattern at about 550 nm (Fig. 2C) , similar to the retinal binding in BR [37] . However, the UV-VIS spectrum of AR4-xz515 shows a three peak pattern at 478 nm, 507 nm and 543 nm, respectively, which has been attributed to the presence of a C50-carotenoid lipid in the claret membrane, named as bacterioruberin [18] . Clearly, bacterioruberin is absent in the bAR membrane and the UV-VIS spectrum is similar to the bacterioruberin-excluded AR4-xz515, as reported before [18] . A small blue shift in bAR when compared with BR may indicate that a slightly different protein packing, which may affect the retinal binding pocket Fig. 2 . The purplish red membrane from transformed L33 with bar gene (bAR) and claret membrane from H. sp. xz515 (AR4-xz515). The concentration of two samples were adjusted to OD 550 nm = 2.0 separately (A). The purified AR4 from H. sp. xz515 and BAR from H. salinarum L33 were analyzed by 12% SDS-PAGE. All samples were solubilized in loading buffer containing 3% SDS without preheating (B). The UV-Vis absorption spectra of BR, AR4-xz515 and bAR samples were suspended at 100 mM NaCl and 20 mM KCl at pH 7.0 (dark-adapted) (C).
in bAR [53] , and hydrophobic binding pocket in rhodopsin has also been shown to be functionally important [54] . It is also worth noticing that most members of the Halobacteriaceae, including H. salinarum, possess bacterioruberin [55, 56] , whereas no bacterioruberin is present in the purple membrane of H. salinarum. Yoshimura and Kouyama [27] has postulated a lipid-recognition mechanism to explain why bacterioruberin is excluded from purple membranes, and this may also explain why bacterioruberin is absent in the recombinant AR4 membrane in H. salinarum.
Light-induced proton release and uptake in bAR were detected through observing the absorbance change of the dye of pyranine [18, 39, 57] . An increase in absorbance of pyranine at 456 nm indicates proton uptake by the protein (an alkaline environment), whereas a decrease at 456 nm corresponds to proton release into the medium (an acidic environment). For a comparison, similar experiments were also done on BR and AR4-xz515, as showed in Fig. 4 , where it is showed that AR4 and BR have a reversed temporal order for proton release and uptake, and bAR shows a similar temporal order as AR4-xz515, which indicates that the recombinant AR4 expressed in L33 retains the same proton pumping features as AR4 in the claret membrane of H. sp. xz515.
The photo-kinetics of M-state, O-state and the recovery trajectory to ground state of AR4 were monitored at 410 nm, 660 nm and 570 nm, respectively (Fig. 5) . The measurements suggest that bAR has a complete photocycle procedure, similar to that of AR4-xz515. Detailed analysis of the kinetic processes demonstrates that bAR and AR4-xz515 have very similar M-state decay, but the decay constants are about 3 times faster than in BR, as shown in Table 1 . AR4-xz515 and bAR share a close similarity to the formation and decay of the O-intermediate. The recovery trajectory to the ground state of AR4-xz515 and bAR could be fitted by a complete exponential curve with a similar decay constant, while BR fits by a single exponential function, which may indicate that AR4 has a more complicated proton transfer mechanism.
Solid-state NMR, FTIR and DLS have also been employed for the assessments of recombinant AR4. Fig. 6A-B shows the 2D DARR and DQ/SQ C atoms within certain distances could be correlated to each other by a longer DARR mixing time through spin diffusion, as can be seen by the cross peaks in the DARR 2D contour map (Fig. 6A ), but would be very crowded and cause ambiguity for the peak assignments. This situation could be alleviated with the assistance of the 2D DQ/SQ correlation experiments, since only one bond correlation could be established through C7-type of the symmetry-based homonuclear recoupling sequences [47, [58] [59] [60] [61] , as shown in Fig. 6B . The 2D DQ/SQ correlation experiments would not only simplify the crowded 2D spectra, but also remove all the isolated 13 C signals from natural abundant contributions from the protein and the associated lipids. Combining these two types of homonuclear correlation experiments together with the N-C type of heteronuclear correlation experiments, an almost completely full assignment of a membrane protein could be achieved [62] . C correlation experiments of AR4 clearly indicate that AR4 has a relative rigid transmembrane domain than that of recombinant AR4 which may attribute to the effect of bacterioruberin on the native AR4, as shown by the projections for both t 1 and t 2 dimensions to the 2D spectra in Fig. 6A -B of 13 C-Leu labeled AR4 (the spinning sidebands are indicated with red stars). This observation is further verified by the 13 
C-
15
N DCP correlation experiments on the native AR4 and recombinant AR4 (Fig. 6C) . Evident up-field shifts of all backbone 15 N in the recombinant AR4 suggest a less compact transmembrane domain than that of in the native AR4. Again, this result also proves that bacterioruberin may interact with the transmembrane helices in the native AR4, which has been shown by the bacterioruberin contained crystal structure of AR2 [27] . Slightly up-field shifted CO and CA peaks in the 2D DQ/SQ 13 C- 13 C correlation spectra of BR (Fig. 6B ) may be attributed to that some mobile Leu residues exist in the protein, and this has been shown in the X-ray crystal structure of BR which shows that there is a Leu residue located at loop region [67, 68] . The 2D DQ/SQ 13 C- 13 C correlation spectra of the 13 C leu labeled native and recombinant AR4 also show slightly up-field shifted CO and CA peaks, which may indicate the proteins may have a similar structural feature. Our results further demonstrate that this expression method can provide a platform for the structure determination and functional analysis of AR4 by solid-state NMR [66, [69] [70] [71] [72] [73] [74] [75] [76] . The FTIR spectra of bAR and AR4-xz515 are very similar to each other, and also similar to BR, as shown in Fig. 7 . All the stretching modes for the amide A and O-H at 3296 cm showing that the recombinant AR4 has a native well-folded protein secondary structure [77] [78] [79] . The bands at 1168 and 1064 cm −1 are the typical ethylenic C_C stretching from the retinal chromophore [77, 78] . It has been reported that only a protein-containing membrane fragment, not the full band, is obtained after standard purification [37] . The particle sizes of native and recombinant AR4 obtained from DLS are listed in Table 2 , with the polydispersity indices for the claret membrane and L33 membrane fragments, respectively. The listed value is an average of the nine sets of data. Both the membrane fragments show a single-peak distribution pattern with a narrower band for the claret membrane, suggesting that native AR4 is more compactly packed in the claret membrane than in recombinant AR4 in the L33 membrane, as shown in Fig. 8 and Table 2 .
In summary, two-dimensional solid-state NMR experiments, FTIR and DLS measurements clearly show that the recombinant AR4 has the expected protein folding, a functioning retinal chromophore and a similar trimeric packing, similar to the native AR4.
Discussion
Expression of recombinant AR4
Expression of recombinant AR4 in H. salinarum (bop − ) has been difficult [80] , although several other retinal proteins from halophilic bacteria have been reported to express successfully in the same host [81, 82] . Here, three plasmids, pXLNovR-ar4, pXLNovR-btar and pXLNovR-bar have been constructed and transformed into bop − strain L33, but only pXLNovR-bar is able to express the target protein, indicating that the mosaic propeptide sequence in the bar gene may play a key role for the successful expression in L33. According to the analysis of bacteriorhodopsin mRNA, the 5′ terminus contains only three nucleotides beyond the initiator codon, and this terminus could form a hairpin structure [83] . Immediately downstream from the structure, there is a sequence complementary to the 16s rRNA of H. salinarum at the 3′ end (Fig. 1B) [83, 84] . These features stabilize the mRNA and enhance the translational efficiency [83] . Furthermore, AR4 has a propeptide with 19 residues and hydrophobic tendency, which may direct the newly synthesized protein to cross the membrane [85] . The nucleotide sequence of the propeptide of the bar gene is derived from that of bop and ar4 (Fig. 1A and Table S1 ). Thus, the bAR mRNA could form a hairpin structure like that in BR mRNA which consequently facilitates its translation. Additionally, the mosaic propeptide sequence of bar can be translated as a peptide of 19 amino acids with hydrophobic tendency. In contrast, the mRNA of ar4 could not form the hairpin at its 5′ terminus, and the propeptide (13 residues) translated from mRNA of btar is too short to assist the folding of the recombinant AR4 in the L33 membrane. It has been mentioned that H. salinarum species are incapable of degradation of sugars [86, 87] , however, our results demonstrate that the exogenous addition of glucose not only stimulates the cell growth as described previously by Gochnauer and Kushner in 1969 [50] , but also increases the yield of recombinant AR4 in the synthetic medium, although the mechanism is still unclear and needs further investigation.
Characterization of recombinant AR4
The steady-state absorption spectrum of AR4 in the claret membrane is shielded by bacterioruberin, which results in unclear on absorption maximum of pure AR4. In previous work [25] , the λ max of native AR4 was suggested to be 560 nm according to the difference spectra of the claret membrane before and after being bleached by the hydroxylamine. Here, the λ max of bAR is at 550 nm, which shows blue-shift compared to both AR4-xz515 and BR (λ max = 568 nm). According to the mechanism proposed by Wang et al. [53] , the bathochromic shifting of retinylidene protein depends on a more evenly dispersed electrostatic potential across the entire polyene chain, which refers to a less compact environment in retinal binding-pocket. Analogously, a 10 nm shift in the absorption spectrum of recombinant AR4 is supposed to be caused by the different protein-chromophore interactions, resulting from the absence of bacterioruberin.
It has been reported that AR4 assembles in a trimer form in the claret membranes revealed by the result of atomic force microscope (AFM) [88] . The results of DLS suggest that bAR proteins assemble into stable protein-lipid complexes with similar particle size to the claret membrane fragments (Fig. 8) . Although there is currently no direct evidence to reveal the assembly process for recombinant AR4 in the L33 membrane, it may probably be in a trimer form. Wang et al. have reported [89] that monomeric AR4, produced by solubilizing the claret membrane with Triton X-100, exhibited a reversed time order of proton pumping compared to trimeric AR4, whereas the bAR retains the native temporal order of proton release and uptake (Fig. 4) . In addition, the AR4 monomers displayed a slower M-decay than the AR4 trimers at neutral pH, but native AR4 and bAR have almost identical time constants of M-decay (Table S1 ). Hence, all these observations suggest that bAR is more likely to assemble in trimers in the cell membrane, however, a clear measurement by AFM is required in the future. Recombinant AR4 possesses the same temporal order of proton release and uptake compared to the native protein. Besides, when FTIR spectra of native and recombinant AR4 are compared, no shifting of predominant peaks is found, suggesting that the secondary structures of these two proteins do not change markedly. However, AR4-xz515 and bAR still differ in photokinetics: (i) the last component of the recovery to the ground state occurs 20 times faster in AR4-xz515 than in bAR (Table 1) . (ii) There exists an apparent ultrafast decay before O-formation in bAR like that in BR, which is hardly detectable in AR4-xz515. Unfortunately, the time constants of the initial decay of O-state in BR and bAR are not resolved by our instrument, since it changes in the microsecond time domain [33] .
The different photokinetics between bAR and AR4-xz515 are supposed to be caused by two factors. Firstly, AR4 aggregates in a 2D hexagonal array of trimers in the claret membrane [88] , which makes it very stable even at room temperature (Table S2) . Meanwhile, the bacterioruberin would also facilitate the stability of the trimeric structure of native AR4 according to the studies that bacterioruberin is suggested to play a striking role for the trimerization of AR2 [27] . But the bAR assembly contains no bacterioruberin, and it shows a lower stability (Table S2 and Fig. S9) . Secondly, the reconstitution of archaeal rhodopsins with detergent or exogenous lipids disturbs their photokinetics in various degrees [90, 91] , which suggests that a natural lipid environment is important for archaeal rhodopsin to maintain its native structure and function [92] [93] [94] [95] . The lipid environments of the host, strain L33, is thought to facilitate the protein folding of recombinant AR4 since both xz515 and L33 are halophilic Archaea. However, the chemical nature of lipids in xz515 has so far not been identified. The potential difference in lipid species may disturb the photokinetics between AR4-xz515 and bAR, as well as trimer stability, as shown for BR [96] .
Function role of bacterioruberin and trimeric packing
The major difference between recombinant and native AR4 is the absence of bacterioruberin in the bAR membrane. However, the experimental results by light-induced kinetic and UV-VIS measurements show that the recombinant AR4 retains the light-driven proton pump characteristics and photo-cycling kinetics, similar to the native membrane, which indicates that a monomer is the functional unit for the protein, and in reconstitution studies of AR4 into liposomes, a similar conclusion was reached [26] . Similarly, although BR 2D crystal has a trimeric form in the purple membrane, a monomer itself is the functional unit for proton pumping [97] .
The crystal structure of bacterioruberin-contained AR2 shows that the bacterioruberin binds to the crevices between each subunit of the trimer, resulting in a more compact packing form than the structure without bacterioruberin [27] . 2D DARR and DQ/SQ results show clearly that the CO peaks of the Leu residues from AR4 have spinning sidebands due to a relatively large chemical shift anisotropy, indicating that the seven helices are relatively less dynamic than those from the recombinant AR4. This may attribute to a relatively loose trimeric packing of the recombinant AR4 due to the absence of bacterioruberin. This argument is also confirmed by the DLS experiments, as shown in Fig. 8 and Table 2 . A relative broad distribution of bAR membrane suggests a less compacted protein assembling. Thus, we can conclude that the functional role of bacterioruberin in the claret membrane is maintaining native AR4 in a more compact trimeric form, and the absence of AR4-xz515 (B) and bAR (C) in 2 mM PBS at pH 7.0, 25°C.
Table 2
Average particle size and polydispersity index of native and recombinant AR4 membrane fragments.
Sample name Average particle size (nm)
Polydispersity index AR4-xz515 323.9 ± 2.7 0.155 ± 0.0106 bAR 261.3 ± 1.9 0.315 ± 0.0202 bacterioruberin in recombinant AR4 does not affect its function, but may make the trimer structure less compact.
Conclusions
In summary, the recombinant AR4 has been functionally expressed in H. salinarum L33 membrane. It has several advantages over the E. coli expression system, a natural lipid environment, an endogenous ligand retinal, a simple purification procedure, and a high yield of 20 mg/l. Functional assay results show that the recombinant AR4 retains the lightdriven proton pump characteristics and photo-cycling kinetics, similar to natural AR4 in the native membrane. The absence of bacterioruberin in recombinant AR4 trimer may not alter the protein functions but result in a less compacted trimeric assembling than natural AR4 in the native claret membrane. The stable expression system reported in this paper could pave the way for 3D structure determination and proton pumping mechanism study of AR4. It could also be applied to any other bacterial rhodopsin family members for structure-function relationship analyses in general. In addition, this work may draw attention for the further study of why bacterioruberin, or this type of carotenoid, could be synthesized in the membrane of H. salinarum, such as S9 or R1M1, but could not participate the trimeric packing [98] .
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